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APPENDIX F

INTRODUCTORY REMARKS BY DR. BARNES W. MCCORMICK, JR. (CHAIRMAN)

The task of this AHWG is to consider the development of a
vertical lift capability for the Army 20 years from now, having a
payload of approximately 50 to 60 tons. If the discussion seems
to be somewhat biased in favor of helicopters, it is hoped that
the representatives from Goodyear, LTV, and others, will bear with

me because, off hand, you would agree that as of now this is the
obvious way to go. Formulated as a result of this meeting is a
report with recommendations as to the problem areas involved with
the development of a very heavy lift vehicle. It does not take
too much thought to develop a formidable list and I am sure that
a lot of you, particularly from industry, already have such a
list. For example, we have the problem of transmissions. The
transmission must be large enough to transmit the power required
and must have a high enough gear reduction to maintain a reasonable
tip speed. There is the problem of satisfactorily predicting the
structural weight for aircraft or helicopters of this size. The
general area of vibrations will present a problem since the natural
frequencies of components will go down. Ground and air resonance
will need to be given some attention.

The mission should be considered before continuing further.
What will be required of the vehicle in terms of speed and range?
What will it be expected to do? If we are considering helicopters,
what type of rotor should it have; should it be a single rotor, a
tandem or a multi-rotor? Are we considering only one helicopter?
Maybe we should consider coupling several vehicles together. We
should give attention to the handling problem with external loads.
Of course, most of these areas have been treated in the heavy lift
studies that have been done to date but still we are talking about
a significant increase in the payload so that these problem areas
will have to be re-examined.

Noise is another important consideration. How does noise vary
with rotor size for a constant disc loading and tip speed? Might
the noise not be prohibitive for a very heavy lift helicopter. The
present QMR for the heavy lift helicopter contains some noise require-
ments. Without recalling the specific numbers, it does refer to

the avoidance of large impulsive noise levels in the cabin. It is
also believed that there are some requirements listed (in the QMR)
regarding the far-field noise.
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A few very preliminary calculations and observations will be
presented which have been made based on the extrapolation of today's
technology. It is realized that these may be a little naive by
comparison with the design studies which some of you from industry
might have made.

The first graph (Figure 1) of disc loading versus the one-
third power of the gross weight illustrates what happens in the
scaling of helicopters. We have all heard about the square-cube
law and more will be heard later concerning scaling. This figure
illustrates the application of this law to helicopters. To explain
this graph, suppose a helicopter is simply scaled geometrically to
larger and larger sizes. The weight would be proportional to the
cube of some characteristic length while the disc area would vary
with the length squared. The disc loading would thus be proportional
to the one-third power of the weight. As you can see the data shown
here does indeed fall along a straight line. Represented here are
tandem rotors, Russian helicopters and single rotor helicopters.

The next figure (Figure 2) presents the empty weight as a
function of normal gross weight for helicopters. It is somewhat
surprising that the data lies along a straight line with the exception
of the crane configui tions which one would expect to have with a
relatively lower emty weight. Generally, the empty weight is
approximately 60% of the gross weight even for the largest helicopter.
This is somewhat difficult to understand on the basis of the square-
cube law. If the same stress levels are maintained for all designs,
one would expect the structural weight as a percentage of the gross
weight to increase with the gross weight.

Figure 3 presents a look at power loading. This looks some-
what like the "shot gun" pattern of data which one tries to avoid.
Ideally, of course, the power loading, pounds per horsepower, should
vary with the reciprocal of the disc loading. Hence plotted is the
available data in the manner shown and includes lines representing
constant figures of merit. As used here, this figure is the ratio
of the ideal power required to the installed shaft horsepower. No
attempt was made to separate out the rotor power. The power used
was the total installed power and hence includes margins for engine-
out performance, etc. Generally, as you can see the data lies
between figures of merit from .385 to .605.

In order to size the very heavy lift helicopter, it is also
good to take a look at the rotor average lift coefficient, TL. The
data for CL as a function of gross weight is shown in Figure 4.
There seems to be a tendency for tL to decrease somewhat at the
higher weights. It is difficult to understand why this should be
and within the scatter of the data it is not definite that any
significance should be drawn from it.
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Using the data from the foregoing figures, a little "guessti-
mating" has been done as to what a very heavy lift helicopLer might
look like, Chosen was a CL of .45 and a tip speed of 700 feet per
second. The weight empty was assumed to be .62 of the gross weight
and the disc loading to be in line with that of the large Russian
helicopters shown in the first figure. A figure of merit of 0.5
was chosen based on the installed power and a brake specific fuel
consumption of 0.6 gals. per b.hp./hr. Further assumed was an
equivalent flat plate area of 400 sq. ft. for the helicopter and
150 sq. ft. for the external payload. The QMR on the heavy lift
helicopter specified 100 sq. ft. of flat plate area for the bulky
payload which, using the square-cube law, was scaled up to 150
square feet for this payload.

Using these assumptions and going through several iterations,
a fuel weight of approximately 46,000 pounds was calculated.
Obviously, to do this some sort of a mission had to be defined.
Chosen was the same as the one currently specified for the heavy
lift helicopter, that is, a 25 mi. radius, two round trips, 10
minutes of hovering with payload and 20 minutes of hovering without.
A 50 ton payload was assumed for the calculations. The disc loading
which resulted from the calculations was 13.2 psf and the gross
weight was 384,000 pounds. The calculated installed horsepower was
73,400 shp; the rotor diameter was calculated to be 192 ft with a
solidity of .151. For example, if the rotor had six blades, the
chord of each blade would be 7.6 ft.

These preliminary numbers are presented simply as a starting
point with the realization that more detailed study must be done.
(Note: the ensuing discussions by the committee suggested that the
preceding numbers were too pessimistic and that the 50-ton payload
helicopter would probably be lighter than the numbers herein indicated).
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APPENDIX G
GENERAl DESIGN CONSIDERATIONS

Presentation by Dr. George Wislicenus - Penn State University

Simply specifying the payload which we want to lift vertically
is not a sufficient criterion in design of a VHLH vehicle.
Certainly the hovering time must be specified; after all, the
rocket engine that just launched our astronauts to the moon
produced a thrust of 7.5 million pounds, but not for a very long
time. So we have to ask, "How much time, for what distance, and
at what speed?" If distance and speed are important it is
believed that something other than a helicopter, probably along
the lines of a VTOL aircraft, must receive consideration. In
addition to the weight of the payload the bulk of the payload
should also be considered. If it is very bulky its aerodynamic
drag during horizontal flight may become prohibited. However, it
is an interesting idea that the type of aircraft we are consider-
ing could conceivably transport a load more bulkier than could be
transported over land by any other means.

I would now like to discuss briefly a study conducted in
cooperation with a graduate student of mine where we considered
the problem of scaling larger and larger aircraft. This study was
not concerned with V/STOL aircraft and helicopters per se. We
wanted to understand why it has apparently been proposed to build
larger aircraft which are not in accordance with the well-known
square-cube law. In passing, it should be noted that lighter-
than-air aircraft have no problem in this respect since they
derive their lift by buoyancy rather than by dynamic means.

Since we are dealing with gravitational and dynamic forces
the Froude number is an obvious criterion. Figure 1 presents the
reciprocal of the cube root of the Froude number as a function of
the take-off weight of aircraft. As defined here the Froude
number is the ratio of gravitational forces to the dynamic forces.
It is interesting that this number is nearly constant for propel-
ler driven aircraft as a result of the speed increasing with
weight. In the subsonic jet field, however, this is not the case
because these aircraft are flown more or less at the same speed,
close to the sonic velocity, regardless of size. This latter case
is probably comparable to what we would find with helicopters
where the tip velocity of rotors, or similarly for lift fans, is
more or less constant.

Figure 2 presents the fatio of structural weight to gross
weight for fixed wing aircraft as a function of the gross
weight. As you can see, the ratio varies very little as
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a function of gross weight and, if anything, decreases slightly
with increasing size. According to the square-cube law, this
should have been in the opposite direction. This is strong
evidence that we are "beating" the sqa ire-ci-he lew, Tnid•ent11y,
the figure which Dr. McCormick presented for helicopters was about
0.6. The Russian helicopters were approximately .48 which is doing
pretty well by comparison with this figure.

The area loading for fixed wing aircraft is presented in
Figure 3. The reference area which was used was the total
vertical projected area of the aircraft. This, of course, is more
or less proportional to the wing area but it was used since the
fuselage may also provide some lift. This figure implies that as
we progress to larger aircraft the area is not increasing as fast
as the weight. This is one way we circumvent the square-cube law
in the growth of aircraft. Interestingly enough, as a sideline,
the ratio of the weight to the area to the three halves power
(which is in effect the volume) is nearly constant for propeller-
driven aircraft and decreases slightly for jet aircraft with
increasing size. In other words, the density of these aircraft
diminishes slightly with increasing gross weight.

Figure 4 presents the wing lift coefficient as a function of
maximum take-off weight. This lift coefficient is calculated for
cruising conditions and shows a tendency to increase with increas-
ing size which once again reflects the higher wing loading.

Figure 5 addresses itself more specifically to the problem of
negating the square-cube law with regard to fixed wing aircraft by
refinement of the structure. Here an average skin thickness,dr,
is divided by the square root of the vertical projected area. Cw
is simply a constant describing the weight of the aircraft in
terms of its area and thickness and is equal to the weight divided
by the material density, the area, the average skin thickness and
the acceleration of gravity. This graph shows that the average
skin thickness in proportion to the linear dimension of an air-
craft has remained nearly constant for propeller-driven aircraft
as the sizes have increased. However, in the case of subsonic
jets this ratio has decreased with increasing size pointing to
continual improvement in the structural design.

Figure 6 is perhaps the most revealing relative to the up-
grading of the quality of the mechanical design. The constant,
Cb, is a dimensionlies measure of bending stress at the wing root
and is equal to the moment divided by the root section modulus.
The largerCb the better the aircraft has been designed with
respect to bending stress. The dimensionless coefficient, Cm, is
equal to the wing bending moment divided by the weight of the air-
craft and a characteristic length. The smaller this coefficient
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the better is the dlntrihiiti'~nn n4 ehg nfi !n- w4 1.-±-- t-
bending moment. To emphasize again the larger Cb and the smaller
Cm the better will be the design. This figure then presents the
product of the matLeial stress and Cb divided by the product of Cw
and Cm. The larger this combination the better will be the
structural design of the aircraft. As you can see, this combina-
tion of parameters has increased by a factor of approximately 4 in
going from a gross weight of approximately 20,000 to 800,000
pounds. The aircraft represented here are constructed primarily
of aluminum and we know that the strength of the material has not
increased by a factor of four. We must conclude that the quality
of the mechanical design has been improved considerably over the
years with the growth of fixed wing aircraft.

A similar combination of parameters is presented in Figure 7.
Here Co-is equal to the product of the material density and the
square root of the weight is divided by the stress to the three-
halves power. The combination of constants shown here represents
a similarity criterion with regard to weight and strength. If this
coefficient is a constant, one can satisfy similar operating
conditions with similar structures. From this figure, within the
scatter of the data, it can be seen that this combination of para-
meters is essentially constant as a function of gross weight.

The next four figures illustrate some results of a design
problem which were done a few years ago relating to a design

class. Considered was the possibility of designing a VTOL aircraft
to lift a bulky load of 100,000 pounds. I had in mind a civil
application, namely to deliver factory built houses from the
factory directly to the site. It was assumed that the house would
be 70 feet wide, 25 feet high, and 80 feet long. This is a bulky
load; something which could be transported over land by conven-
tional means. Please understand that these sketches are strickly
preliminary in nature.

Figure 8 shows a multilift fan aircraft which was considered
first. As you can see, the lift fans arc very large. The payload
area is in the center and is not to be crossed with any beams.
The way in which the structural members would have to run are
shown diagrammatically. One of the problems is the fact that if
you have a very large area occupied by the payload then the rest
of the aircraft by necessity becomes large also. This is feasible
only if your aircraft has less weight per unit area than present
day aircraft.

Figure 9 is a side view of the aircraft illustrating louvers
in the fan which are adjustable to provide forward thrust for the
horizontal fixed wing mode of flight.
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Figure 10 may cause the helicopter experts present to shutter
but it will be presented nevertheless. In this planform view of
tho prel1minAry dp~ign it PAn hP nPen that thp rotor hub waR made
sufficiently large in order to cover the payload. This avoids
hanging the very bulky load in the downwash from the rotor.

Figure 11 is a side view of the helicopter. The blades are
shown relatively large as I had in mind some sort of a jet reaction
drive such as the warm cycle.

Thus, in conclusion, it is entirely clear that a multiplicity
of refinements in the structural design of fixed wing aircraft has
accomplished what we accept today. The existence of fixed wing
aircraft of the order of 800,000 pounds gross weight is a matter of
good design, and I have not the remotest doubt but that we can
build a VTOL aircraft to lift 50 or 60 tons of payload. It is
hoped that we will not limit ourselves in our ensuring discussions
solely to the helicopter. If we require very long ranges with
reasonable efficiency, then the lift fan should also be given
attention.
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APPENDIX H

FUTURE PROPULSION TECHNOLOGY

Presentation by Mr. Lester Veno-General Electric

Thus far discussions have been concerned with requirements,
and helicopter design considerations. There have been several
remarks made with reference to Propulsion Systems and naturally in
our business we feel that the Propulsion System may be a very
important part of the VHLH, but perhaps, not the limiting part. I
will agree with some of my competitors here that we don't feel that
the propulsion system or the propulsion technology will be limiting.

Figure 1 implies that we are going to talk about turbo-shaft
engines and I think I should correct one impression right away and
that is, that although this discussion will be confined to turbo-
shaft engines, we in CE, feel that a turbo fan engine may also be
a propulsion system for a VHLH as a gas supplier. However, this
discussion and the technology that we will cover here will be mostly
confined to turbo-shafts,

One of the first things that we must consider is the market
need (Figure 2). After all we are in business for profit and we
like to look at the market and to try to do our planning accordingly,
and as we observe the whole market at the moment we find that we can
categorize it or classify it in each of five groups: The 400 to 800
horsepower level, is shown first and we list some typical applications
for this size engine. We then go to the next class between 1,000
and 2,500 horsepower and the third size, 4,000 to 6,000. The fourth
size is 6,000 to 10,000. And a final larger group which we will
focus our attention on today which would be 8,000 horsepower and up.
I have listed some of the potential applications shown covering all
branches of the military service. Naturally we would like to design
an engine that would have a multiple of uses. If you look at GE's
spectrum of engines at the moment (Figure 3) you find that we have
two production engines shown in the lower left hand side. The T58
engine running from an initial start of about 1,000 horsepower to
1,500 horsepower, and the T64. At the end of these particular
little arrows is shown the date of the initial MQT, and the growth
and the width of the arrow, as shown here, is the relative growth
in the horsepower of the engine during its life history. I show
four new engines, which we call advanced technology engines. We
see an engine up at the top labeled "A", and I will identify that
as a shaft derivative of our TF 39 engine, the large high bypass
ratio turbo fan used in the C5A. We feel that a 25,000 horsepower
engine could be built very easily from that particular configuration.
It is a high temperature cycle. I am going to have a little more
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to say about that later, but you can see that we believe that there
are engines available, or could be available at 25,000 horsepower
-nr .. .. . l -r flfi Th.... ... . . .. . .a11 "A" i a J- am

of engines that are derived from our J97 Air Force-funded engine.
This is a 65 pound per second gas generator and has a considerable
latitude for growth as you can see from about 12,000 shaft horse-
power up to 15,000 or higher. The horsepower values I am quoting
you are on a standard day. There is a family in "C" based on our
Navy developed TF34 engine. This is an engine for the VSX. It is
a family derivative of the T64. It has a capability of between
6,000 and 8,000 horsepower. Finally there is a family "D", shown
at the lower end of the size scale. This is the Army-supported CE-12
engine which is being developed for UTTAS. It has the potential
of between 1,500 and 3,000 horsepower, depending on what size is
finally configured. You can see its timing is in the period from
1974 through 1976. I think our interests today are in the upper
two, the larger engines, A and B. We also identified a broad band
here where we feel advanced technology engines could be developed.

Now, how is technology manifested in engine designs. There
are two ways here of looking at it. We have plotted in Figure 4
in very broad terms two basic engine design parameters, the cycle
pressure ratio and turbine inlet temperature versus years. You
note that our production engine, T58 and T64 indicate a steadily
increasing trend to higher cycle pressure ratio, then we find our
advanced engines, A, B, C, and D, tend to fall even higher up at
the upper end of the scale. The turbine inlet temperature trend
has a jog in it which was introduced not too many years ago around
1965 when we went from uncooled turbine blades to cooled blades,
and I think that most of you are aware that there is a great deal
of increased sophistication being factored into methods of cooling
turbine blades to allow even higher turbine inlet temperatures.

Now hand in hand with this sort of trend of technology develop-
ment, we have to accompany it with advanced material trends (Figure 5).
We see on this pictorial chart at least how various materials have
been introduced to allow us to move to either end of the scale,
either to a higher allowable temperature or higher stress or a can-
bination of the two. We have gone from stainless to titanium to
cobalts and nickels at one end of the scale and composites at the
other. These material trends are in fact making possible a good
deal of our technology trends.

Accompanying the introduction of these new materials we must
innovate, develop, and find new processes (Figure 6). I list here
a few of the more advanced processes going into our gas turbines
today. I would make one comment and try to keep it on an unclassified
basis but in reference to the discussions earlier this morning about
our competitors across the sea, it is our considered opinion that
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our friends have been able to develop many of these processes and
that they are tar trom iacking in their abiliLy Lu d:vclup Ctwy;
materials, new processing, and particularly advanced design in their
power plantR. So I think -- I have to take a strong exception to
anyone who says they are simply building on an old technology. That
just isn't so.

Now, something interesting has developed over the years. We
show in Figure 7 an index of effectiveness, if you will, for gas
turbine engines. In this case we are plotting the power to weight
ratio, divided by the SFC versus year of MQT. We note that we have
shown our engines and competitive engines and they tend to fall
pretty well on this straight line--the improvement line which is
about ten per cent per year, with turbo jet and turbo fan engines
being able to hold it to this trend pretty well through the years,
as you can see. We can therefore expect to continue on it. Now,
one odd thing about this is that when we look at turbo-shaft and
turbo prop engines they don't fall on this trend (Figure 8). If
we examine the trend as exhibited by two GE engines we see that the
turbo-shafts have a lesser trend and this has fostered a general
attitude that turbo shafts are sort of poor orphan childs. Now
there is a good reason for this. The turbo shaft duty cycle, is
different than the turbo fan or the turbo jet. It is just subjected
to a much tougher job In the installations where it is used, and
as a result, I think inherently one way or another we try to compen-
sate for that by building into the turbo shaft a certain amount of
margin, generally lower temperatures, and a certain amount of safety
factor, if you will, to allow for the abuse that the turbo shaft
has to take. And, this has continued up to nearly the present time.

However, there has been a considerable amount of interest
recently expressed to us as well as on our part to change this
trend, (Figure 9) to take advantage of the high temperatures and
high cycle efficiencies that have been inherent in the turbo Jet
and turbo fan, and we feel that we have now developed a return to
the original trend as shown by this increased slope line so that
we predict, at least, based on some of our own advanced designs,
that the turbo shaft of the 70's will tend to get back on the
original line. We identify as our own personal goal - that box
up in the corner - advanced technology which is getting very close
to the original trend line. In other words we are going to try
to have a renewal, if you will, in turbo shaft technology because
we feel that there is still great potential there and perhaps that
it has been lost somewhat in the conservatism of some of the turbo
shaft designs.
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In Figure 10 we find SFC improvement as going uk the vertical
scale versus horsepower to weight ratio. We want to show the
general trend over the past few years. You see first that in 1960
we operated at moderate cycle pressure ratios and the horsepower
to weight ratio actually would increase with pressure ratio up to
a point and then we would begin to lose ground if we tried to
achieve any further SFC improvement. The turbine inlet temperature
and cycle pressure ratio trend go hand in hand. The two of them
build together. You can see the potential of moving into this 1975
period where we feel that it is achievable to get 30 per cent
SFC improvement and 50 per cent power to weight improvement.

Now, you may have noted previously that our goal in 1975 - 1980
period is a total index of effectiveness of 40 which would result
from a horsepower to weight ratio of about 10 and an SFC of about
.4. You will note here we have in Figure 11 the T64 and our four
family engines which we are now developing. The reason for engine
"D", the GE 12, being rather low on the horsepower to weight ratio
scale is because with a rather small engine -- it gets difficult to
compete with the larger engines on an absolute horsepower to weigw
ratio. The SFC trend is shown here clearly, and we see no reason
why we can't get down to the level indicated there.

The queation is how does this technology pay off. Well one
example shown in Figure 12, is for a utility type helicopter, a
UTTAS, if you will. We see that the payoff in the required vehicle
gross weight to do the Job could be as high as 30 per cent. That
is a reduction in systems costs - I think that is one thing that
we are talking about achieving in a VHLH.

We also try to show this on a typical heavy crane helicopter
(Figure 13). These studies we have made on our own. You will note
that the payload has increased about 10 per cent; however the radius
can be increased greatly. The reason is the fact that the heavy
lift is carrying such a large percentage of payload and not very
much fuel. Also gains can be made in the fuel logistics area and
they become more dramatic. This new technology gives load carrying
potential of about 10 per cent over today's technology. This is
not to imply that we can't build a' helicopter with a much greater
payload if you are willing to put a large enough engine in it.

These are a couple of "marketing" kind of charts (Figures 14
and 15) but I think that for those that aren't aware of our GE
helicopter experience, here is a series of photos of the various
T58 applications. I think we shouldn't minimize the fact that in
each and every application we find out new things. We discover new
problems and we work out those problems. They are all different
and they all represent a certain amount of challenge and I think
that experience in this VTOL field is a very strong factor in build-
ing the right engine. The T-64 engine family which is running from
the original 2600 horsepower up to as high as 4800 horsepower
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